Introduction {#s0005}
============

Infectious bronchitis (IB) is an acute and highly contagious disease caused by a gamma coronavirus that affects chickens of all ages and is characterized by lesions in respiratory and urogenital organs ([@bib11], [@bib17]). Avian infectious bronchitis virus (IBV) continues to cause serious economic losses to global chicken production. Along with highly pathogenic avian influenza (HPAI) and velogenic Newcastle disease (ND), IB is the most economically important viral respiratory disease affecting poultry industry worldwide ([@bib14]). Vaccination has been considered as the most reliable approach for IBV control ([@bib41]) however current vaccines have proved to be inadequate due to constant emergence of new variant viruses ([@bib15], [@bib16]). Concurrent circulation of both classic and variant IBVs has been identified in most parts of the world, raising major challenges to the current IBV prevention and control strategies.

Current IBV isolates present high antigenic diversity ([@bib26]), and emergent strains that differ in antigenic properties, tissue tropism and pathogenicity are continuously being reported across the world ([@bib23], [@bib28], [@bib45], [@bib57]). While all IBV strains appear to initially infect chickens *via* the respiratory tract, vireamia enables spread to secondary sites for further replication and persistence. An example is IBV strain M41, which replicates primarily in the respiratory tract and subsequently spreads and replicates in a range of other tissues. In contrast, strains of IBV such as strain QX and IS/885/00 are primarily nephropathogenic ([@bib8], [@bib42]). IS/885/00, referred to as a nephropathogenic infectious bronchitis virus (NIBV), was first isolated from a severe outbreak of renal disease in several broiler farms in Israel ([@bib42]) and has been detected in many other Middle East countries ([@bib2], [@bib5], [@bib40]). IBV QX was first isolated in China from chickens with proventriculitis ([@bib56]) but was later found to cause renal, ([@bib22], [@bib39], [@bib49], [@bib53]), respiratory and reproductive lesions ([@bib19], [@bib49]) in chicken flocks in Europe, Asia, Africa and Middle East ([@bib7], [@bib18], [@bib24], [@bib28]).

Differences in tissue tropism and thus differences in the pathogenicity of IBV strains have been hypothesized to be associated with differences in the binding properties of their spike proteins ([@bib10], [@bib52]). While the ability to bind to susceptible host cells is the first step in the viral life cycle, host innate immune responses could also be a major contributing factor to the pathological outcome of IBV infection. Variant IBVs continually emerge and the host determinants of IBV pathogenicity are not yet fully understood. Early cellular and innate immune responses of virus infected cells *in vitro* could act as useful indicators for predicting the pathological outcome of viral infection *in vivo*. For example, the three different genotypes of Newcastle disease viruses (NDV) produce distinct host response patterns in chicken spleenocytes, which is useful to differentiate the NDV genotypes ([@bib27]). In order to establish the characteristic host response to predict the tissue tropism and pathogenicity of IBVs, we investigated apoptosis and innate immune responses in chicken embryo kidney (CEK) cells and tracheal organ cultures (TOCs) following infection with IS/885/00-like, QX-like and M41 IBV strains.

Results {#s0010}
=======

CEK cells infected with IBV strains 885, QX or M41 were subjected to immuno-cytochemical staining of viral nucleoprotein (NP) at 6 h post-infection (hpi). The dose (MOI 1.0) used resulted in a similar level of infection in CEK cells across all the three virus strains ( [Fig. 1](#f0005){ref-type="fig"}).Fig. 1Chicken embryo kidney (CEK) cells infected with (A) 885, (B) QX (C) M41 or (D) mock-infected and immuno-cytochemical staining of viral NP at 6 hpi (hours post-infection), revealing similar levels of infection of all the three viruses.Fig. 1.

IBV infections resulted in significant increase in apoptosis of CEK cells and TOCs {#s0015}
----------------------------------------------------------------------------------

CEK cells and TOCs were infected with IBV strains 885, QX, M41 or mock infected, cell metabolic activity and percentage of apoptotic cells were evaluated at 24 and 48 hpi by MTT assay and Annexin V binding assay, respectively. A significant (*p*\<0.05) reduction in cell metabolic activity was found in IBV infected CEK cells, compared with mock infected cells, both at 24 and 48 hpi ( [Fig. 2](#f0010){ref-type="fig"}A). A significantly (*p*\<0.05) greater level of apoptosis was also found in IBV infected CEK cells at 24 and 48 h after virus infection ([Fig. 2](#f0010){ref-type="fig"}B). Total apoptotic cells in IBV or mock infected TOCs were evaluated by TUNEL assay ( [Fig. 3](#f0015){ref-type="fig"}). It was found that IBV infection resulted in significant increase in total apoptotic cells in TOCs when compared with mock infected controls at 24 and 48 hpi ([Fig. 3](#f0015){ref-type="fig"}C). Notably, infection of CEK cells with IBV strains 885 and QX resulted in significantly (*p*\<0.05) greater level of cell death, as shown by reduced metabolic activity ([Fig. 2](#f0010){ref-type="fig"}A) and increased apoptosis ([Fig. 2](#f0010){ref-type="fig"}B) when compared to M41 infected cells both at 24 and 48 hpi. In contrast, significantly higher levels of apoptosis were observed in M41 infected TOCs compared with those infected with 885 or QX ([Fig. 2](#f0010){ref-type="fig"}C). Infection with IBV strains 885 or QX resulted in significantly (*p*\<0.05) lower infectious virus production from CEK cells at 24 and 48 hpi when compared with M41 infected cells ([Fig. 2](#f0010){ref-type="fig"}D). In sharp contrast, significantly (*p*\<0.05) lower infectious virus production was observed from M41 infected TOCs compared with 885 or QX infected TOCs ([Fig. 2](#f0010){ref-type="fig"}E).Fig. 2IBV infections resulted in significant increase in apoptosis of chicken embryo kidney (CEK) cells and chicken embryo tracheal organ cultures (TOCs). CEK cells and TOCs were infected with IBV strains 885, QX, M41 or mock infected. At 24 and 48 hpi, cell metabolic activity of CEK cells was evaluated by (A) MTT assay and percent of apoptosis by (B) Annexin V binding, respectively. Total apoptotic cells in TOCs were evaluated by (C) TUNEL assay. Virus production in the (D) CEK cells and (E) TOC supernatants were determined in chicken embryo TOCs at designated time points after infection. Data represents mean of triplicate wells, with error bar showing standard error. Different letters indicate that the differences between groups at that time point are significant (*p*\<0.05).Fig. 2.Fig. 3*In situ* terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) staining of chicken embryo tracheal organ cultures (TOCs) infected with (A) 885, (B) QX (C) M41 or (D) mock infected at 24 hpi (hours post-infection). Apoptosis TUNEL staining of TOCs infected with IBVs showing multiple apoptotic cells with degeneration and loss of cilia. Arrows indicate apoptotic cells.Fig. 3.

Infection of CEK cells with IBVs resulted in significantly higher up-regulation of TLR3 and MDA5 {#s0020}
------------------------------------------------------------------------------------------------

CEK cells were infected with IBV strains 885, QX, M41 or mock infected at a MOI of 1.0, and expression of LGP2, MDA, TLR1, TLR2, TLR3 and TLR7 were analysed at 9 and 24 hpi. It was observed that expression of LGP2 ( [Fig. 4](#f0020){ref-type="fig"}A) and MDA5 ([Fig. 4](#f0020){ref-type="fig"}B) was significantly up-regulated at 9 hpi but down-regulated at 24 hpi in IBV infected CEK cells compared with mock infected cells (*p*\<0.05). However, at 9 hpi, infection with IBV strains 885 and QX resulted in significantly (*p*\<0.05) greater MDA5 expression than M41 in CEK cells ([Fig. 4](#f0020){ref-type="fig"}B). There was no significant change in expression level of TLR1 ([Fig. 4](#f0020){ref-type="fig"}C). TLR2 ([Fig. 4](#f0020){ref-type="fig"}D) was observed at 9 hpi (*p*\<0.05), but the expression of these genes was significantly (*p*\<0.05) down-regulated at 24 hpi in IBV infected CEK cells, compared to mock infected cells ([Fig. 4](#f0020){ref-type="fig"}C and D). A significant (*p*\<0.05) up-regulation of TLR3 expression was detected at 9 hpi but compared with mock infected cells, was either unchanged or significantly (*p*\<0.05) down-regulated at 24 hpi in IBV infected CEK cells ([Fig. 4](#f0020){ref-type="fig"}E). Interestingly, IBV strains 885 and QX infection resulted in significantly greater TLR3 expression than M41 infection in CEK cells at 9 hpi ([Fig. 4](#f0020){ref-type="fig"}E). In summary, infection of CEK cells with IBV strains 885 and QX, compared with M41, resulted in significantly greater TLR3 and MDA5 expression in the early stage of infection (9 hpi).Fig. 4Transcriptional regulation of innate viral sensing molecules in chicken embryo kidney (CEK) cells at 9 and 24 hpi (hours post-infection). Relative mRNA expression of (A) LGP2, (B) MDA5, (C) TLR1, (D) TLR2, (E) TLR3, (F) TLR7 in CEK cells infected with IBV strains 885, QX, or M41 at MOI 1.0 and gene expression was analysed at 9 and 24 hpi. Relative mRNA expression was determined by real-time PCR, normalised to 18S rRNA. Graph values are the mean of three biological replicates with error bars as standard error and are expressed as fold change relative to the mocked-infected group. Different letters indicate that the differences between groups at that time point are significant (*p*\<0.05).Fig. 4.

Higher induction of IFN-β and IL-6 in IBV infected CEK cells {#s0025}
------------------------------------------------------------

Notably, infection of CEK cells with IBVs 885 and QX resulted in significantly (*p*\<0.05) greater IFN-β expression than M41 at 9 hpi ( [Fig. 5](#f0025){ref-type="fig"}B). However, IFN-β expression was significantly (*p*\<0.05) down-regulated at 24 hpi in all IBV infected CEK cells compared with mock infected cells ([Fig. 5](#f0025){ref-type="fig"}B). The significant (*p*\<0.05) up-regulation of IL-6 ([Fig. 5](#f0025){ref-type="fig"}C) expression was observed at 9 hpi in 885 and QX infected CEK cells, but was not significantly (*p*\<0.05) affected in M41 infected cells. There was no significant (*p*\<0.05) change at 9 hpi but a significant (*p*\<0.05) down-regulation at 24 hpi in the levels of IFN-α ([Fig. 5](#f0025){ref-type="fig"}A), IL-1β ([Fig. 5](#f0025){ref-type="fig"}D), IL-8 ([Fig. 5](#f0025){ref-type="fig"}E) and NLRP3 ([Fig. 5](#f0025){ref-type="fig"}F) expression was noticed in IBV infected CEK cells, compared with mock infected cells.Fig. 5Type I interferon (IFN) and pro-inflammatory cytokineresponse in IBV infected chicken embryo kidney (CEK) cells**.** Relative mRNA expression of (A) INF-α, (B) INF-β, (C) IL-6, (D) IL-1β, (E) IL-8, (F) NLRP3 in CEK cells infected with IBV strains 885, QX, or M41 at MOI 1.0 was analysed for gene expression at 9 and 24 hpi (hours post-infection). Relative mRNA expression was determined by real-time PCR normalised to 18S rRNA. Graph values are the mean of three biological replicates with error bars as standard error, and are expressed as fold change relative to the mocked-infected group. Different letters indicate that the differences between groups at that time point are significant (*p*\< 0.05).Fig. 5.

Regulation of Type I IFN, TLR3 and MDA5 genes in IBVs infected chicken TOCs {#s0030}
---------------------------------------------------------------------------

Transcriptional regulation of Type I IFN, TLR3 and MDA5 in TOCs infected with IBV strains 885, QX, M41 or mock infection was analysed at 9 and 24 hpi. INF-α ( [Fig. 6](#f0030){ref-type="fig"}A) expression was not significantly (*p*\<0.05) changed both at 9 and 24 hpi in IBV infected TOCs compared with mock infected controls. There was a significant (*p*\<0.05) up-regulation in the expression levels of IFN-β ([Fig. 6](#f0030){ref-type="fig"}B), TLR3 ([Fig. 6](#f0030){ref-type="fig"}C) and MDA5 ([Fig. 6](#f0030){ref-type="fig"}D) at 9 and 24 hpi in virus infected TOCs compared to controls. It was found that M41 infection resulted in significantly higher expression of IFN-β, TLR3 and MDA5 compared to 885 or QX infection in TOCs at 9 hpi.Fig. 6Type I interferon and innate viral sensing gene response in IBV infected chicken embryo tracheal organ cultures (TOCs)**.** Relative mRNA expression of (A) INF-α, (B) INF-β, (C) TLR3, (D) TLR7 in TOCs infected with IBV strains 885, QX, or M41 at a dose of 4log~10~ CD~50~ per individual ring or mock-infected and gene expression was analysed at 9 and 24 hpi (hours post-infection). Relative mRNA expression was determined by real-time PCR normalised to 18S rRNA. Graphed values are the mean of three biological replicates with error bars as standard error and are expressed as fold change relative to the mocked-infected group. Different letters indicate that the differences between groups at that time point are significant (*p*\<0.05).Fig. 6.

Discussion {#s0035}
==========

We investigated apoptosis and innate immune responses in CEK cells and TOCs following infection with IBV strains 885, QX and M41. Infection of CEK cells with IBV strains 885 and QX that predominantly cause renal lesions in chickens resulted in significantly greater levels of apoptosis when compared to the M41 strain that causes mainly respiratory lesions. Similarly, infection of TOCs with M41 resulted in greater apoptosis than with the other two nephropathogenic strains.

A variety of viruses have been shown to induce apoptosis in infected host cells ([@bib12], [@bib46], [@bib48]). IBVs are known to induce apoptosis in infected cells and B-cell lymphoma 2 (Bcl-2) family proteins modulate IBV-induced apoptosis ([@bib37], [@bib38], [@bib58], [@bib59]). The modulation of Bcl-2 family proteins during IBV infection has also been postulated to be under the regulation of signalling pathways such as endoplasmic reticulum (ER) stress and Mitogen-Activated Protein Kinase/Extracellular signal-Regulated Kinase (MAPK/ERK) pathways ([@bib21], [@bib58]). Furthermore, IBV infection results in a growth-inhibitory effect by inducing cell cycle arrest at S and G~2~/M phases ([@bib37]), both of which results in apoptosis. Our findings suggest a strong association between apoptosis in CEK cells or TOCs to the ability of IBV strains to cause renal or respiratory lesions respectively in chickens.

Nephropathogenic IBV strains 885 and QX resulted in significantly greater up-regulation of innate immune sensing genes namely TLR3 and MDA5 along with greater IFN-β mRNA levels in CEK cells at 9 h of infection when compared to M41 infection. In contrast, these genes were significantly up-regulated in M41 infected TOCs than those infected with 885 or QX at 9 hpi. Concurrent with our findings, a previous study observed a significant increase of TLR3 mRNA expression in both the tracheas and lungs of IBV infected chickens, when compared to uninfected controls ([@bib29]). We did not identify any particular change in regulation pattern of other innate immune genes, namely TLR1 and TLR2.

TLR3 and TLR7 are well known for recognition of RNA virus encoded pathogen associated molecular patterns (PAMPs) ([@bib3]). TLR7 was not significantly affected by IBV infection in CEK cells. The end products of the TLR3 signalling pathway are the production of anti-viral type I interferon (IFN)-α and -β, whereas TLR7 activation results in the production of pro-inflammatory cytokines ([@bib25]). Concurrent with TLR3 activation, we found a significant up-regulation of IFNβ, but not IFNα mRNA expression, at 9 h after IBV infection in CEK cells. Likewise, the lack of TLR7 induction correlated with no change in the expression of pro-inflammatory cytokines, namely IL-1β, IL-8 and NLRP3 in IBV infected CEK cells. In contrast to our findings, a recent study found that IFN-β transcription was not found in CEK cells until 12 h after infection with IBV M41 at MOI of 0.1 ([@bib32]). This difference may have been due to variation in the MOI used and origin of cells.

Notably, expressions of all the innate immune genes tested were down-regulated at 24 h after IBV infection in CEK cells. This could be a consequence of host shut-off induced by IBV virus replication. Corona viruses (CoVs) are known to down-regulate host gene expression and increased host mRNA degradation in order to suppress host innate immune responses ([@bib30], [@bib50]). Corona virus nucelocapsid (N) protein has been shown to interfere with the 2′,5′-oligoadenylate synthetase/RNaseL (2′--5′ OAS) activation, which is responsible for Type I IFN induction and can also inhibit the production of various pro-inflammatory cytokines and chemokines *via* global translational shutdown ([@bib54], [@bib59]). However, MDA5 and IFN-β expression was also up-regulated in TOCs at 24 h after IBV infection suggesting a sustained immune response in TOCs compared with CEK cells. We found a similar virus replication pattern in CEKs and TOCs with a comparable virus output.

Higher levels of apoptosis and IFN-β expression is also associated with significantly lower infectious virus particle production from both CEK cells and TOCs. This could be due to increased antiviral state induced by IFN-β and/or increased apoptosis. Apoptosis of cultured cells have previously been shown to be associated with reduced production of infectious influenza virus in duck cells ([@bib33]).

Several *in vitro* and *ex vivo* studies have suggested a key role of TLR3 in viral detection ([@bib4], [@bib9], [@bib20], [@bib47]). However, recent evidence suggests TLR3 contributes to pathogenic effects of viral infections. TLR3 mediates West Nile virus entry into the brain, causing lethal encephalitis ([@bib51]) and contributes to a detrimental inflammatory response to influenza virus infection in mice, resulting in acute pneumonia ([@bib36]). A recent study has shown that MDA5, but not TLR3, is involved in the sensing of IBV ([@bib32]). However, higher mRNA levels of MDA5 and TLR3 correlated with the *in vivo* pathogenicity of the IBV strains used in this study, such that the nephropathogenic and tracheotropic IBVs induced much higher levels in CEK cells and TOCs, respectively. It is possible that MDA5 activation is a protective antiviral host response against the virus whereas TLR3 contributes to some detrimental effects from viral infection. The precise role of MDA5 and TLR3 in host defence against IBV infection and/or disease pathogenesis is not yet fully understood and hence, warrants further in-depth studies.

We found that LGP2 expression was significantly increased at 9 h but down-regulated at 24 h after IBV infection in CEK cells. LGP2 functions as a negative regulator by interfering with the recognition of viral RNA by RIG-I and MDA5 ([@bib55]). MDA5 is IFN-inducible ([@bib31]), so once an IFN response is triggered, this innate antiviral loop initiates auto-amplification of MDA5 until the natural inhibitor LGP2 is induced ([@bib55]). However, we found that the expression of LGP2, MDA5 and IFN-β mRNA levels were down-regulated at 24 h after IBV infection, possibly due to the virus induced host gene shutoff. In agreement with our findings, a recent study also reported a down-regulation of TLR3, IL-1β and IFN-γ expression in IBV infected chicken tracheas at 12 hpi ([@bib29]). In this study, we infected cells at MOI of 1.0; however, infection at a lower MOI could be helpful to profile the effect of LGP2 on MDA5 and IFN-β regulation in IBV infected cells.

There have been conflicting reports on the difference in virulence among IBV strains using this *in vitro* system. [@bib13]) did not find marked differences when compared three strains of IBV on the basis of their effect on tracheal cilia. [@bib43]) also reported little difference among several IBV strains using measurement of ciliary activity as a criterion for damage to the tracheal epithelium. However, [@bib1]) has revealed that the strains differed in their efficiency to infect the tracheal epithelium. Infection by Beaudette and QX resulted in a larger number of infected cells compared to Itlay-02 and 4/91 strains, when tracheal organ cultures (TOCs) were infected with the same amount of virus ([@bib1]). In summary, our study found that greater levels of apoptosis and elevated expression of TLR3, MDA5 and IFN-β is associated with increased pathogenicity of IBVs in kidney (CEK cells) and respiratory (TOCs) tissues. The findings of this study using CEK cells and TOCs raise a strong possibility that host innate immune response could aid generation of a predictive prognosis for the tissue tropism of novel IBV strains. However, further studies are needed to confirm the association between pathogenicity and host response *in vivo* and to establish the mechanisms underlying such responses.

Materials and methods {#s0040}
=====================

Cell cultures {#s0045}
-------------

Monolayers of primary chicken kidney (CEK) cells were prepared from kidneys of specific-pathogen-free (SPF) chicken embryos after 18 day incubation (Lohmann, Germany). Kidneys removed aseptically were collected in Minimum Essential Medium (MEM), supplemented with 0.5% fetal bovine serum (Sigma) and 1% antibiotics (penicillin and streptomycin). The kidneys were minced into small pieces using sterile scissors, followed by trypsinization (0.25% trypsin) for 30 min at 37 °C and filtered through a 100 µm mesh to remove tissue debris. After centrifugation at 1500 *g* for 10 min, cell pellet was re-suspended in the MEM medium and seeded at 1×10^5^  cells/cm^2^ in cell culture plates.

Viruses {#s0050}
-------

We used a traditional IBV strain M41, and two variant IBV strains namely IS/885/00-like (885) ([@bib6]) and QX-like strain KG3P ([@bib22]) were used. IS/885/00 causes mortality, poor weight gain and severe renal damage, while QX causes renal and reproductive problems.

Allantoic fluid containing these IBV strains were propagated in TOCs prepared from 19 to 20-day old SPF chicken embryos ([@bib13]). For the CEK cell infection study, all IBV strains were titrated on CEK cells using an immuno-cytochemical focus assay described previously ([@bib33]).

In brief, serial 2-fold dilutions of a known volume of TOC supernatants were used to infect CEK cells in 96-well culture plates (CELLSTAR, Grenier bio-one, UK). Cells were washed after a 2 h incubation with virus, followed by a further 4 h incubation, and then fixed in 1:1 acetone:methanol for 10 min. Cells were subjected to viral nucleoprotein detection by anti-IBV nucleoprotein monoclonal antibody (Prionics, UK) followed by visualization with Envision+system-HRP (DAB; Dako, Ely, UK). Cells expressing viral nucleoprotein (NP) were counted, and the mean number of positive cells in five fields was used to calculate focus-forming units of virus per microlitre of inoculum.

For TOC infection study viruses were titrated in chicken embryo TOCs and expressed in median ciliostatic doses (CD~50~)/ml ([@bib13]). In brief, for each dilution of virus, three TOC rings with 100% of the cilia beating were used. TOCs were inoculated with viruses (0.1 ml) in serial dilutions before being incubated at 37.0 °C in a rotating incubator (Lab Thermal Equipment, Greenfield, NR OLDHAM) at 8 rpm. The TOCs were observed for ciliary activity post-infection, a reduction in at least 5% mean activity compared with mock infected were considered as positive for IBV infection ([@bib13]) and further confirmed by RT-PCR followed by sequencing ([@bib53]).

Virus infection of CEK cells {#s0055}
----------------------------

CEK cells were seeded on cell culture plates (CELLSTAR, Grenier bio-one, UK) at a density of 1×10^5^  cells/cm^2^. After incubation at 37 °C for 48 h, 80--90% confluent monolayers were washed three times with phosphate-buffered saline (PBS), and then either infected with different IBV strains at multiplicity of infection (MOI) 1.0 or mock infected with cell culture medium. Triplicate wells were used for each virus or mock infection for each time point. Cells were analyzed at 24 and 48 h post-infection (hpi) to determine the effect of virus infection on cell metabolic activity and induction of apoptosis. Cell culture supernatant was titrated for infectious virus in TOC expressed as CD~50~/ml ([@bib13]). At 9 and 24 hpi cell pellets were collected in RLT buffer (Qiagen, UK) for total RNA extraction and cell metabolic activity was analysed at 24 and 48 hpi using CellTiter 96, a non-radioactive cell proliferation assay (Promega, Madison, WI, USA), according to the manufacturer׳s instructions.

Virus infection of TOCs {#s0060}
-----------------------

TOCs were infected 5 days after preparation to allow the early inflammatory responses of the tissue to subside ([@bib44]). TOCs were infected with IBV strains using a dose of 4 log~10~ CD~50~ per individual ring, or mock-infected with TOC medium without virus. Three rings were used for each virus or mock infection for each time point. The infection dose of 4 log~10~ CD~50~ was chosen based on a preliminary study wherein this dose caused 100% cilliostasis in TOC by day 3 after infection. Samples of TOC supernatant or complete rings were collected at 9, 24 and 48 hpi. TOC rings were analysed for apoptotic cells using *in situ* Terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) assay, and supernatants were titrated for quantification of infectious virus at 24 and 48 hpi. Total RNA extracted from TOC rings collected at 9 and 24 hpi were used for the quantification of host gene expression analysis.

Analysis of apoptosis {#s0065}
---------------------

At 24 and 48 h after virus or mock infection, CEK cells in 24-well tissue culture plates were analysed to quantify the percent of apoptotic cells. Briefly, cells were washed in PBS and removed from the tissue culture plate by trypsinization, followed by inactivation with growth medium containing serum. The cells were then washed, resuspended in binding buffer (Clontec, CA), and subsequently analysed by staining with Annexin V-FITC and PI according to the manufacturer׳s instructions (ApoAlert®, Annexin V-FITC apoptosis kit, Clontech, CA) using flow cytometer (BD Accuri C6, San Jose, CA). Fluorescence was quantified using CFlow software (BD Accuri). The single-dye positive controls were prepared by staining representative cells with FITC and PI dye individually and used for estimation of proper colour compensation. Unstained cell samples were used as a negative control to adjust the threshold.

Apoptotic cells were detected and quantified by the TUNEL assay using the peroxidase (POD) *in situ* cell death detection kit (Roche Diagnostics, Indianapolis, IN, USA) according to the manufacturer׳s instructions. A total of five sections were analyzed for each time point. Briefly, cells were fixed in paraformaldehyde and permeabilized with 0.1% Triton X-100 at room temperature. After equilibration, specimens were overlaid with 50 μl TUNEL reaction mixture or 50 μl label solution of the no-enzyme control. After initial incubation for 1 h at 37 °C in a dark humidified atmosphere, reactions were then developed using peroxidase substrate kit DAB (Vector Laboratories, Burlingame, USA). Sections were counterstained with haematoxylin (Merck, Germany) and mounted with DPX (dibutyl phthalate, polystyrene granules and xylene) aqueous mounting medium (VWR International, Leuvan). For each sample, the total number of positive cells/400×microscopic field was calculated.

Quantification of infectious virus {#s0070}
----------------------------------

Supernatants from virus infected CEK cells and TOCs were titrated for infectious virus and expressed as CD~50~/ml ([@bib13]). In brief, TOCs were inoculated with 0.1 ml of supernatant in serial dilutions, and three rings with 100% of the cilia beating were used for each dilution and incubated at 37.0 °C in a rotating incubator (Lab Thermal Equipment, Greenfield, NR OLDHAM) at lowest rotation speed. The TOCs were observed for ciliary activity; those exhibiting less than 5% mean activity were recorded as IBV positive.

Host gene expression analysis {#s0075}
-----------------------------

Total RNA from cell pellets in RLT buffer (Qiagen, UK) and TOC ring was extracted using RNeasy Plus Mini-QIAshredder Kit (Qiagen, UK) following the manufacturer׳s instructions. RNA concentration was quantified by NanoDrop® ND-1000 (NanoDrop, Wilmington, DE/ NanoDrop ND-1000; Peqlab). The cDNA was generated from 1 µg of RNA using the Superscript III First-strand cDNA synthesis system (Life Technologies) with random primers as per the manufacturer׳s recommendations. The generated cDNA samples further diluted to 1:50 in nuclease-free water were used in quantitative reverse transcription PCR (qRT-PCR) analysis.

QRT-PCR was performed on the LightCycler® 480 (Roche, UK), using LightCycler 480 SYBR Green I Master mix (Roche, UK). Primers were designed with Primer Express version 2.0 (Applied Biosystems), based on previously reported sequences ( [Table 1](#t0005){ref-type="table"}). All primers were provided by Eurofins Genomics (Edersberg, Germany). The cycling conditions were 10 min at 95 °C, 45 cycles of 10 s at 95 °C, 10 s at 60 °C annealing temperature and 10 s at 72 °C, finally followed by a melting curve analysis to ensure the specificity of the SYBR green PCR. QRT-PCR data was normalised using a relative standard curve method to 18S ribosomal RNA (18SrRNA) expression ([@bib34]) and the data were presented as fold difference in gene expression of virus versus mock infected samples.Table 1Primers used in the study.Table 1.**Gene namePrimer sequences: sense (S) and anti-sense (AS)**18S rRNA (18S ribosomal RNA ) [@bib34])(S) TGTGCCGCTAGAGGTGAAATT(AS) TGGCAAATGCTTTCGCTTTLGP2 (Laboratory of genetics and physiology 2)(S) AGCCCACGAAGCAGTACGA(AS) CGGCAACTCGGGCATCTMDA5 (Melanoma differentiation-associated protein 5)(S) AGGAGGACGACCACGATCTCT(AS) CCACCTGTCTGGTCTGCATGTTLR1 (Toll like receptor 1)(S) GGGAAACCGCTCTGCAGTT(AS) CATTCTTCACCCACAGGGAATCTLR2 (Toll like receptor 2)(S) CCACCGGTCCCTCCTAGTGT(AS) ACCCAACGACCACCAGGATTLR3 (Toll like receptor 3)(S) GCAATTTCTCCTTCACCTTTTCA(AS) CCTTTATGTTTGCTATGTTGTTATTGCTTLR7 (Toll like receptor 7)(S) GAATTCAAGAGGTTCAGGAACATGA(AS) TTAGGGCAGGGAGTACAAGGATATIFNα (Interferon alpha) [@bib35](S) CTTCCTCCAAGACAACGATTACAG(AS) AGGAACCAGGCACGAGCTTIFNβ (Interferon beta)(S) TCCAACACCTCTTCAACATGCT(AS) TGGCGTGTGCGGTCAATIL1β (Interleukin 1 beta)(S) TGCTGGTTTCCATCTCGTATGT(AS) CCCAGAGCGGCTATTCCAIL-6 (Interleukin 6) [@bib35])(S) CACGATCCGGCAGATGGT(AS) TGGGCGGCCGAGTCTNLRP3 (NLR family, pyrin domain containing 3)(S) TGTGTGTCATCCCTGTCATGAG(AS) TGGTCTTAGAGCACGCAAGGAIL-8 (Interleukin 8) [@bib35])(S) CCCTCGCCACAGAACCAA(AS) CAGCCTTGCCCATCATCTTT

Statistical analysis {#s0080}
--------------------

The data were analysed using one-way ANOVA, followed by the post-hoc LSD multiple comparison test using GraphPad Prism version 6 software. Differences between groups at that time point were considered significant at *p*\<0.05.
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